Titanium alloys are characterized by low weight, high strength, and high corrosion resistance. This makes them particularly suitable for applications in the field of aviation. At the same time, recently, carbon fiber reinforced plastic (CFRP) composites have been applied to not only the structural components but also the engine parts of aircraft in order to improve fuel efficiency. As such, CFRPs, too, are being used increasingly in aircraft structures. Compared to CFRPs, though, titanium alloys feature a similar coefficient of thermal expansion, lesser galvanic corrosion, better weight characteristics, and higher strength; this explains their increasing demand.
devised a technique for measuring the milling cutter temperature using garter spring pickups and a standard thermocouple positioned at the back of an inserts. They also discussed the influence of the cutter tooth number. Mcferon and Chao (1985) measured the average tool-chip interface temperature during plain peripheral milling by a tool-work thermocouple technique. Schmidt (1953) measured the milling temperature as well as temperature distribution by cutting a workpiece with an embedded thermocouple. Kikuchi (2009) measured the cutting temperature using tool-workpiece thermocouple method in end milling under dry condition. Armendia, et al. (2010) and Kurishnaraj, et al. (2014) measured the tool edge temperature in end milling using a helical cutter by a thermo camera. Aspinwalla, et al. (2013) measured the cutting temperature in end milling of titanium alloy by the constantan-workpiece thermocouple method. Toh (2005) measured the chip surface temperature in up and down milling of hardened steel using IR camera. These methods are useful to estimate the approximate tool edge temperature. The precise temperature and its transition in one cut, however, cannot be obtained. Ueda, et al. (2001) and Sato, et al. (2011) studied the transitional cutting temperature in end milling. However, Ueda et al. (2001) treated only the down cut when a small radial depth of cut was set under a dry atmosphere. Sato, et al. (2011) measured the temperature at the bottom of a blind fine hole which extends in the vicinity of rake face. However, the measured temperature does not indicate the temperature at the cutting edge surface. The present study aims to establish a method for measuring the transitional cutting temperature during one cut pass in end milling by a helical cutter with an indexable insert and to clarify the influence of cutting fluid on the tool edge temperature during one cut. The transitional cutting temperature during one cut was measured successfully using a two-color pyrometer with an optical fiber. The proposed method was used to investigate the influence of the difference between the up and the down cut and the existence of cutting fluid on the cutting temperature. The cutting force, surface profile, and tool wear under the same cutting conditions were important as a reference for setting the cutting conditions in practical use. These cutting characteristics were measured, and their relation with the tool edge temperature was discussed. Figure 1 shows the experimental setup for measuring the tool edge temperature during end milling. A workpiece fixed on a piezo-type dynamometer was cut by a helical cutter. The workpiece has a fine hole into which an optical fiber was inserted to measure the tool edge temperature. The fiber can transmit infrared rays radiating from the tool flank when the cutting tool edge passes above the hole to the two-color pyrometer (Ueda, et al., 1986) . The jig for supplying high-pressure air was also attached to this hole. Foreign matter such as cutting fluid and dust can be prevented from entering the fine hole by a high-pressure air flow during machining (Nishimoto, et al., 2012) . Figure 2 shows the shapes of a helical cutter and an insert chip. Table 1 shows the cutting conditions. End milling was performed using only one indexable insert fixed on a helical cutter. The cutting edge roundness of the insert was approximately 20µm. The diameter of the cutter was 50 mm. The measured value of the helix angle and nose radius was 7° and 0.8 mm, respectively. The axial and the radial depth of cut were 5 and 12 mm, respectively. The cutting speed and feed rate were set at 100 m/min and 0.1 mm/tooth, respectively. One cut took ~15.22 ms under these cutting conditions. Figure 3 shows the direction of coolant supply. A water-soluble emulsion diluted thirty fold with water. The cutting fluid was supplied at a rate of 8 L/min in the tangential direction to the tool rotation direction at the start of one cut so as to reach the insert from the first to the end during one cut. Figure 4 shows the shape of a workpiece. The side face of the workpiece had a 1.15-mm fine hole drilled from the outer to the inner surface. An optical fiber with the diameter 0.6 mm was inserted into this fine hole. Figure 5 shows the positional relationship between the optical fiber end and the tool edge. It is easily understood in the figure that the hole (fiber) moves from left to right in up cut so that the tool edge temperature at the end of one-cut is first measured. On the other hand, in the case of down cut, the output at the start of one cut is obtained first. When the workpiece shifts in the feed direction, the depth where the tool edge passes the fine hole increases. The clearance between the optical fiber end and the tool edge varies with the progress of the cutting process. Before cutting, the optical fiber end is set at 1.0-mm distance from the side surface of the workpiece. When the clearance decreases to 0.5 mm, the feed is turned off and the fiber end is moved back until the clearance becomes 1.0 mm; then, the feed is turned on again. This cycle is repeated. Theoretically, the two-color pyrometer can be used to measure the object temperature irrespective of the distance to the target, because the tool edge temperature is calculated from the output ratio of the two detectors.
Experimental procedure

Output characteristics of two-color pyrometer
The pyrometer has a flat response from 10 Hz to 100 kHz; therefore, it can be used for measuring the tool temperature with good accuracy (Ueda, et al., 1986) . The object temperature is calculated from the ratio of the outputs of the InAs and InSb cells. using the calibration curve obtained from the experiment. The InAs photodetector and InSb detector of the two-color pyrometer have different spectral sensitivities of within 1-3 µm and 3-5.5 µm, respectively. The output electric signals of these detectors are amplified and transmitted to an oscilloscope. This pyrometer can measure the object temperature independently of the emissivity of the object surface and clearance between the fiber edge and the object. The measured temperature was nearly the maximum temperature in the target area (Mahfuds et al., 2002) . This pyrometer can be used to measure the tool edge temperature during turning (Nishimoto, et al., 2012; Hosokawa, et al., 2012) , milling (Ueda, et al., 2001) , drilling, and tapping (Tanaka, et al., 2013) . Müller, B. and Renz, U. (2004) measured the temperature of the chip surface flowing on rake face in turning. signals were obtained in down cut under wet conditions. The cutting force decreased as the tool passed over the fine hole. After the output from the chip was detected, well-defined peak outputs were detected from the pyrometer immediately after the tool edge entered the fine hole. After the cutting edge passed at the center of the fine hole, the output voltage decreased rapidly, because the cutting edge just after cutting did not enter the fine hole. So, the tool edge temperature was calculated using the rate of the output peeks from the two detectors. After that, high cutting temperature period was observed; however, this temperature was calculated by the obviously lower output than peak value, so possess lower reliability. Figure 7 shows the transitional tool edge temperature during one cut, which is equivalent to temperature distribution in the tool-work contact zone in Fig.5 (a) , in the end milling of a titanium alloy by up cut. As shown in the figure, the tool-edge temperature in both dry and wet cutting increased relatively rapidly at the start of single-cut and reached almost the maximum value at 5ms and 8ms, respectively. This temperature distribution seems to have a direct correlation with the transient cutting force Ft. As shown in Fig.5 (a) , the temperature distribution in the tool-work contact zone shown in Fig.7 is obtained by single stroke of workpiece, in which measuring position moves from left to right with respect to feed per revolution of the tool. Therefore, it is estimated that tool wear promotes during temperature measurement. Actually cutting force F n starts to increase at the middle of the one-stroke cutting and tool temperature also increased slightly due to the occurrence of micro chipping. The tool edge temperature in up cut under dry conditions increased rapidly and remained almost constant until the end of one cut. The tool edge temperature in up cut under wet conditions increased rapidly to 200°C, then increased gradually until reaching almost the same value as the tool edge temperature in up cut under dry conditions at 5 ms, and finally remained almost constant until the end of one cut. There was mostly no difference in the maximum tool edge temperature during up cut. However, there was an obvious difference in the transition temperature. The tool edge under dry conditions remained at the maximum temperature for longer than under wet conditions. In the case of up cut, the temperature reduction range of the tool edge from dry to wet conditions was wider in the early than in the later stages in one cut. Figure 8 shows the transitional tool edge temperature during one cut in the end milling of titanium alloy by down cut. The tool edge temperature in down cut under dry conditions increased rapidly and remained almost constant until 6 ms, after which it increased until the end of one cut. Ueda, et al. (2001) reported that the tool edge temperature tended to increase with the decrease in uncut chip thickness in down cut. That is, small uncut chip thickness causes the higher specific cutting force and less heat rate entering workpiece due to small amount of metal removal volume. The tool edge temperature in down cut under wet conditions increased rapidly up to 400°C, then increased gradually until 8 ms, and finally decreased slightly until the end of one cut. In the case of down cut, the temperature reduction range of the tool edge from dry to wet conditions was wider in the later than in the early stage in one cut. Therefore, a thinner uncut chip was obtained by the larger cooling effect of the cutting fluid. Figure 9 shows the transitional cutting force during one cut in the end milling of titanium alloy. Fine hole the cutting resistance in tangential and normal directions to the tool rotating direction, respectively. In the case of up cut, the cutting forces F t and F n increased with the uncut chip thickness. The cutting forces F t and F n mostly showed no differences under dry and wet conditions. In the case of down cut, the cutting force F t decreased with the decrease of uncut chip thickness. On the other hand, the cutting force F n remained almost constant. The cutting force F t mostly showed no difference under dry and wet conditions. The cutting force F n was lower under wet conditions than under dry conditions. Used cutting fluid was a water-soluble emulsion, and therefore, the cutting force F t corresponding to the cutting heat was hardly influenced. Therefore, the relation between cutting force and tool edge temperature and the fact that the temperature reduction in wet cutting becomes prominent at low uncut chip thickness indicates the localized cooling effect of cutting fluid. Figure 10 shows the surface roughness of the titanium alloy after end milling. Regardless of the cutting fluid, the Work: Ti-6Al-4V, Up-cut, v=100 m/min, f=0.1 mm/tooth, Ad=5.0 mm, Rd=12.0 mm surface roughness was smaller for down cut than for up cut. In the case of up cut, surface waviness of ~15 µm height usually appeared at irregular intervals in the feed direction. In up cut, the theoretical uncut chip thickness changes from zero to maximum in each tool revolution, so that the sliding and/or plowing actions seem to occur at the beginning of Work: Ti-6Al-4V, v=100 m/min, f=0.1 mm/tooth, Ad=5.0 mm, Rd=12.0 mm, Real cutting length: 15m 
Results and discussion
engagement. This causes the irregular surface profile without clear feed mark due to unstable biting of cutting edge to the workpiece. In the case of down cut, this waviness did not appear. It is thought that similar surfaces roughness should be generated under the same temperature and lubricating condition in continuous cutting such as turning using a same insert. However, in end milling under this cutting condition, it was found that the cutting direction had a larger influence on the surface roughness than the cutting temperature at the moment the surface was generated. Figure 11 shows the tool wear patterns after end milling of the titanium alloy. In the case of up cut, the adhered workpiece was observed at the rake face, cutting edge, and flank face. The edge was not straight owing to some chipping. Peeling of coated layer was also observed on the rake face for up cut under dry conditions. It was assumed that the workpiece adhered on micro chippings. In the case of up cut, the uncut chip thickness became relatively larger and the tool edge temperature showed almost the maximum temperature near the end of one cut. This was thought to be the cause of adhesion. In the case of down cut, tool wear was almost not promoted until the cutting length of each tooth reached 15 m. The maximum flank wear width in the case of up cut under dry and wet conditions was 0.051 and 0.057 mm, respectively. The wear width in the case of up cut shows the maximum edge retreat amount. From these results, down cut was observed to be better than up cut from the viewpoint of tool wear under these cutting conditions. For the same cutting direction, the wear width under wet conditions was smaller than that under dry conditions. The cooling effect of the cutting fluid is considered to be one of the reasons for this tendency.
In general, the maximum cutting temperature increases with the maximum uncut chip thickness. In this study, the maximum uncut chip thickness was the same under all cutting conditions. The maximum cutting edge temperature was observed at the maximum uncut chip thickness during one cut except for the case of down cut under dry conditions. However, the maximum tool edge temperature is not directly associated with tool wear. Even when the maximum tool edge temperature was the same, it was reached at different times under different cutting conditions. Therefore, the cutting conditions must be set carefully in consideration of transition the temperature of tool edge. In the case of up cut, the radial axial cut is set small enough such that one cut can finish during the cooling effect produced by the cutting fluid. In the case of down cut, even when the radial axial cut is set larger than in the case of up cut, the cooling effect produced by the cutting fluid can be obtained from the start to the end of one cut.
Conclusions
The present study aimed to establish a method for measuring the transitional cutting temperature during one cut and to clarify the influence of cutting fluid on the tool edge temperature in end milling by a helical cutter with an indexable insert. This temperature was measured successfully using a two-color pyrometer with an optical fiber. The proposed method was used to investigate the influence of the difference between up cut and down cut and the existence of cutting fluid on the cutting temperature. The main results obtained in this study are as follows.
(1) In down cut, the tool edge temperature reduction effect by the cutting fluid was hardly obtained at the start of one cut, where the uncut chip thickness was almost the maximum; a larger tool edge temperature reduction effect by the cutting fluid was obtained near the end of one cut, where the uncut chip thickness was smaller. As a result, the wet condition caused almost 300°C lower tool edge temperature than the dry condition near the end of one cut. (2) In the case of up cut, a larger tool edge temperature reduction effect by the cutting fluid was obtained near the start of one cut, where the uncut chip thickness was smaller. The tool edge temperature reduction effect by the cutting fluid was hardly obtained near the end of one cut and the tool edge temperature in both conditions showed almost the same, where the uncut chip thickness was almost the maximum. As a result, there was no difference in the maximum tool edge temperature.
